Joseph Chatt was expected to take over his family farm in Cumbria, but as a consequence of finding interesting minerals on the fells near his home became one of the outstanding inorganic chemists of the century.
pharmacy, and made the cathodes by casting sheets from scrap zinc obtained from the local ironmonger.
Although Joseph later recognized that it was during the vacations with his uncle that his interest in science was first aroused, and that without his uncle's influence he could well have become a farmer, he attributed his later specific dedication to chemistry to the fact that the farm was near Caldbeck Fells, an area famous for its wide range of interesting minerals, and as a result of an initial unsuccessful search for gold he became a keen (and later very knowledgeable) collector of them. Needing to identify them he found out from the chemistry teacher at his secondary school how to carry out analyses to reveal which elements were present, and since there were ores of copper, lead, zinc, tungsten, arsenic and bismuth he was led into a fascination with chemistry, and particularly inorganic chemistry, that stayed with him throughout his life.
At his secondary school Joseph was allowed to prepare all kinds of organic and inorganic compounds on his own in the school laboratory, something now unthinkable. He also, like many schoolboys of the time, carried out experiments at home, and could obtain all the chemicals he needed from the local pharmacy, including many that would now be regarded as horrifyingly dangerous. (He was, he thought, probably one of the few people to have safely observed the spectacular display of yellow sparks produced by adding a piece of sodium to aqua regia.) His stock of sodium later came to a spectacular end. On going to Cambridge he gave it to a friend, whose later disposal of it in the dock at the small port of Silloth was reported in the national press as an I.R.A. attack, and as far as is known is still recorded as such in the official records. (The full story appears in Leigh (1991) .)
Joseph reached his secondary school by an unusual route. Although his father expected Joseph to take over the farm, he wished him to have a good education first, but erroneously believed that a pupil had to complete elementary school before entering a secondary school, and so it was not until Joseph was fourteen, instead of the usual eleven, that he entered the Nelson School, Wigton, as a fee-paying student. Soon afterwards his father died, and it seemed that he would have to leave the school, but his potential had already been recognized and a scholarship from an enlightened education authority enabled him to stay on. He rapidly caught up with the boys of his own age, and matriculated in just over two years. His performance in the sixth form brought him various local scholarships that together meant that he could consider going to Cambridge, to which his teachers thought he should aspire. However it was by then only a few weeks before the next academic year and all the places had been allocated, but his mathematics teacher, Mr E.W. Burn, spent a day in Cambridge going around the colleges seeking his admission, and after several failures finally found at Emmanuel College an enlightened admissions tutor, Mr E. Wellbourne, who agreed to accept Joseph, later explaining to the latter that he had felt able to take a chance because someone was usually lost during the vacation 'falling down an Alp or something'! Joseph always felt deeply grateful to the College and retained an intense loyalty to it, and his election to an Honorary Fellowship in 1978 gave him very special pleasure.
His admission to the College had to be delayed until January 1935 while he received tuition at his school to enable him to pass an entrance examination in Latin (the 'Little Go'). Thus when he took up residence he had once again to catch up with his fellow students but this proved to be no problem, and he graduated in 1937 with First Class Honours.
Much has been written about the unhappiness at Oxford and Cambridge before the Second World War of students not from Public Schools, especially those from small grammar schools such as Joseph's in remote rural areas. In fact he and his friends, some from similar backgrounds, greatly enjoyed their time there. The College itself being full, he lived in an annexe called The Hostel, the residents of which tended to form their own rather close and happy community. Damage to an ankle in his childhood (thought much later to have been associated with polio) had left him slightly lame (its effects became more severe later) and so he was free from pressure to take part in sport, which would have been of little interest to him anyway. He was, however, a keen cyclist, and in vacations undertook long journeys with fellow students around the country, often in search of unusual minerals. After graduating he was determined to carry out research in inorganic chemistry, and went on to postgraduate work with F.G. Mann, whose lectures he had much admired, and of whom he always spoke with much respect and affection. Initially he worked on halogen-, oxygen-or sulphur-bridged phosphine-palladium complexes, and then moved on to a more general study of arsine and phosphine compounds. The work left Joseph with a deep interest in complexes of transition metals, but the opportunity to devote himself to them again came only several years later.
W a r t im e y e a r s After taking his Ph.D. in the summer of 1940 Joseph firmly wished to stay with fundamental research and obtained a post at St Andrews University, but because of the Second World War he could not take it up, and he was assigned at Cambridge to a problem of relevance to the war effort. This involved the synthesis of the then unknown 1,3,5,7-tetranitronaphthalene, which Sir Robert Robinson had suggested might be an exceptionally effective explosive. In eight months Joseph managed to make 100 g of the compound (sufficient to show that it was not especially effective as an explosive) but was then drafted into the Research Department of Woolwich Arsenal, and assigned to a section then evacuated to the University College at Swansea.
At Swansea Joseph found that all the working space in the Department of Chemistry was occupied, and he was told to spend his time in the library reading about explosives. Having looked at everything that seemed relevant he turned to Chemical Reviews, and was struck by an account of olefin complexes by R.N. Keller. Mann had mentioned in his lectures that there was a view that the p-electrons of olefins might act like the lone pair of electrons on the donor atom in common ligands such as phosphines and amines, and the realization that olefins were the only ligating species that did not possess a lone pair prompted in Joseph a resolution to work on their complexes as soon as he was free to do so.
After just one month at Swansea Joseph was transferred to Woolwich Arsenal itself, where a good new laboratory was almost empty because most employees had been moved out of the way of German bombs. He was dissatisfied with the trivial projects assigned to him but in wartime he could not simply change his employer. However, he managed, partly through his openly expressed criticisms of his supervisor, to obtain permission to leave, which he did with alacrity. (Again the full story can be found in Leigh (1991).) Joseph moved to the post of Deputy Chief Chemist at Peter Spence and Sons Ltd, Widnes, a family company largely devoted to the production of anhydrous aluminium chloride. He was initially unhappy there also, again with the lack of challenge, and a friend close to him at that time has told how Joseph tried to get himself dismissed by presenting a long list of the factory's defects to the owner. Within hours he was called in to the latter's office, not, as he expected, to be sacked, but to be offered a lucrative contract, too good to refuse, instructing him to bring the whole organization up to standard! After doing this he undertook a variety of research projects, spending most time on work with activated alumina, then not a common material, first improving its quality and then testing its properties, especially its use as a catalyst; he was able to produce methylnaphthalene, needed by the pharmaceutical industry, very satisfactorily by reaction of methanol with naphthalene over the alumina.
He was never in any doubt that the most important event of his time in Widnes was meeting Ethel Williams, his future wife, whose constant inspiration and support he always happily acknowledged. They were married soon after the end of the war, by which time he had become Chief Chemist. Once he was free to leave he sought to return to fundamental research, and in 1946 took up an I.C.I. Fellowship at Imperial College and planned to work on olefin complexes of platinum, as he had long hoped to do. However, he was frustrated by the inadequate facilities, largely a legacy of the war, and recalled that in nine months he was able to use his fume cupboard for a total of only eight weeks. The final straw was his discovery one day that a potentiometer that for three months he had been assured was about to be delivered had in fact never been ordered. As it happened, on the previous evening he had been introduced at a Royal Society reception to the Controller of Research in I.C.I., who invited him to join the company when he gave up his I.C.I. Fellowship, so he applied immediately.
T he F rythe
Happily, at that time I.C.I. was setting up the Butterwick Research Faboratories (later named the Akers Research Faboratories, but almost always referred to as the Frythe, after the house in Welwyn, Hertfordshire, in whose grounds it was located) to be devoted to basic research, and Joseph went there as Head of the Inorganic Chemistry Department, of which he was initially the only member. His appointment showed remarkable foresight on the part of those responsible for it in I.C.I., since it must have been based entirely on their subjective recognition of his potential, his only research publications at that time being those arising from work under supervision at Cambridge completed some six years earlier.
At last Joseph was able to begin systematic studies on olefin complexes of metals, and this soon developed into an investigation of the nature of coordination complexes in general. He attracted some very able young people to work with him, and during the 15 years he was at the Frythe his group made seminal advances in transition metal chemistry, which are outlined later in this memoir. We note here only that at the Frythe and throughout his career he was interested solely in pioneering work, and not in the subsequent routine development that could be left to less able people. Many of those qualified to judge agree that through his work at the Frythe Joseph played a more important role than anyone else in the revival of activity in inorganic chemistry, which in many countries, including Britain, had almost died out in the first half of the century. He was especially influential in the development of the organometallic chemistry of transition metals, which became one of the most exciting fields of chemical research and, through its relevance to catalysis, acquired considerable industrial importance.
Initially much of the work was carried out by Joseph himself with the aid of two assistants, Alan Williams and Frank Hart, who although not then graduates made a substantial contribution. They worked in a wartime wooden hut which was replaced some years later by a purpose-built laboratory. In 1949 the first graduate, Dr R.G. Wilkins, joined the group, which remained quite small for several years but, as a result of its achievements and Joseph's success in persuading I.C.I. to release the necessary resources, had a total staff (including technicians and other assistants) of about 40 by the time it was disbanded. There was a constant stream of visiting inorganic chemists from around the world, and some spent periods there as guest workers. An impressive proportion of those who worked with him went on to occupy Chairs of chemistry in the U.K. or abroad.
In only his third year at the Frythe, in 1950, Joseph invited to a discussion meeting all the coordination chemists he could identify in the U.K. and two from overseas who happened to be in the country at the time, and from this developed the highly regarded series of International Conferences on Coordination Chemistry.
Those with Joseph at the Frythe show an unusual measure of agreement in their recollections of him. They tell of his exceptional skill and precision in the laboratory in the early years; for example, Professor G.A. Gamlen wrote as follows:
At that time he still had time to do some practical chemistry himself and he had an outstanding technique and touch. I recall that after we had been making Zeise's salt and [(C\H4),PtCl,] for several years, often on a 20-50 g scale, we decided to submit an account of the procedure to Inorganic Syntheses. In due course the manuscript was rejected, as the method had been attempted in four laboratories in the USA and had not worked! We were accused of leaving out some vital details but this was not so.
They remember also his insistence on tidiness and cleanliness in the laboratory and his strong dislike of waste of any kind (probably stemming from his farming background and reinforced by his experience of wartime shortages), exemplified by his insistence (described by one as almost obsessional) on recovery of residues of precious metals and by his dedicated re-use of odd scraps of paper. They recall his astonishing success in obtaining additional funding from I.C.I., which they attribute to his dogged persistence, driven by a conviction of the importance of his work that ultimately convinced those who controlled the resources. They tell of an essentially intuitive approach to problems that rarely failed him; this intuition was, of course, based on an encyclopaedic knowledge of inorganic chemistry and related general chemistry, which sometimes caused discomfiture for those working with him because of his tendency to assume that they were all equally well informed. They write of his long agonizing over the wording of papers he was preparing for publication, which he wanted to be exactly right. They recall also his rather 'old-fashioned' manners which required a degree of formality in his relationship with his staff that could belie his deep concern for their welfare as a group and as individuals. All perceived the essential goodness and kindness behind his reserve, which those closest to him realized stemmed partly from a natural shyness that was not generally apparent.
In 1962 I.C.I. decided on a reorganization of its research activities that included closure of the Frythe. It was the end of a remarkable enterprise. Joseph's work there had made a major contribution to the advance of inorganic and organometallic chemistry at a time when shortage of resources greatly restricted activities in British universities. It is very unlikely that he could have achieved so much at any university in this country at that time, especially since he could not have expected at the outset to be appointed to a Chair; faced with severely limited funds and the need to spend time on teaching he could have made only much slower progress. Equally there could have been few if any other inorganic chemists in 1947 who could have seized so effectively the opportunity offered to him by I.C.I.
T h e U n it o f N it r o g e n F ix a t io n a n d U n iv e r s it y o f S u s s e x Joseph was expected by I.C.I. to move to the laboratories of their Heavy Organic Chemicals Division at Runcorn, but he suspected that he would have much less freedom there in his choice of projects and resolved to leave. By then he would have been welcomed in major universities around the world, and was considering offers from the U.S.A. Fortunately for Britain, the Agricultural Research Council, led by its Secretary, Gordon (later Sir Gordon) Cox, had just decided to establish an interdisciplinary unit to study the mechanism of biological fixation of nitrogen. Cox, himself a distinguished inorganic chemist, recognizing that at its core the mechanism is a matter of chemistry, invited Joseph to be its Director, with an eminent microbiologist, John Postgate, as Assistant Director responsible for its biological programme. The chemical research of the Unit of Nitrogen Fixation was initiated at Queen Mary College in the University of London, where Joseph briefly occupied a Chair, while the biologists began work at the Royal Veterinary College. It soon became clear that space for a building to house the whole Unit was not available at Queen Mary College and it moved to the newly founded University of Sussex, where Joseph was made a Professor. The Unit was initially housed in the laboratories of the School of Molecular Sciences, and later in a specially designed building attached to that School.
The Unit rapidly became not just the leading centre in the world for research in a very important and highly competitive field but also a model for organization of successful interdisciplinary research, with inorganic chemists, physical chemists, biochemists, microbiologists and geneticists all focused enthusiastically on a central problem. Much of its success stemmed from Joseph's style of leadership. His own dedication and scientific integrity communicated itself to all his staff, who were also very much aware of the tenacity, which some might have called stubbornness, with which he fought for the resources of the Unit and the well-being of its members. Furthermore he did not try to set down detailed and restrictive programmes for the research. Those who had good ideas were encouraged to get on with them, and in return he expected dedication and excellence. The Unit also had the benefit of a flow through of postgraduate students and postdoctoral fellows, and numerous visiting workers from abroad, some of whom returned time after time. In addition, Joseph and other chemists in the unit supervised the work of postgraduate students in the laboratories of the School; there they could carry out work that might have seemed only of peripheral relevance to the central task of the Unit, but Joseph later commented that 'again and again the real initial breakthrough came from the work of the less circumscribed University group. Its development was, nevertheless, better taken at the appropriate stage into the more experienced Unit group' (Leigh 1991). (From this experience Joseph drew the moral that 'if you want really good new science, choose a dedicated scientist and let him get on with it. Do not keep pestering him for reports and programmes' (Leigh 1991), a view unfortunately not currently in favour with government grant-giving agencies.) At the same time the School benefited greatly from the cooperation with the Unit, including the sharing of instrumental facilities, and Joseph's mere presence in the School played an important part in the rapidity with which it gained a world reputation for its research, especially in organometallic chemistry. The chemists in the Unit generated a large body of novel transition metal chemistry, and were successful in identifying the sequence of reactions through which dinitrogen complexes of metals could yield ammonia or organonitrogen complexes, and this work is described later in this memoir. At the same time Joseph strongly encouraged the biological work, and the finding (in 1972) by Postgate, with R.A. Dixon, that the cluster of genes necessary for nitrogen fixation could be transferred from Klebsiella pneumoniae to Escherichia coli not only had important implications for molecular biology in general but opened up a new area of study in biological nitrogen fixation. This advance enabled Joseph to obtain a 50 per cent increase in staff from the A.R.C., raising biological research from half to three-quarters of the Unit's effort. He retired from the Directorship in 1980 but the Unit remained largely unchanged until Postgate, his successor, Not surprisingly, the perception of Joseph at the personal level by the staff of the Unit, especially of his infectious enthusiasm for research and his somewhat deceptive reserve and formality of manner, echoes that at the Frythe, and some aspects of his relationship with them are nicely reflected in the following extract from an account written by the novelist and short-story writer Elvi Rhodes, who was for nine years his personal secretary and Administrator of the Unit:
I remembered little of science from schooldays and chemistry had always been a mystery to me, but Professor Chatt never made me feel ignorant. He talked to me of his science as though I actually understood him, and I tried hard to look as though I did. I never knew whether it worked. When he spoke to me of his work he did so with enthusiasm. His face lit up and his eyes sparkled behind his spectacles, and over the nine years I worked for him it was impossible not to catch his enthusiasm. Because he liked to explain things, and was very patient in the face of my ignorance, I learnt more than I would have thought possible.
He was a shy man. He was always well dressed and formally dressed and viewed informality with some suspicion. 'Why are they all growing beards?' he asked me anxiously, as if he suspected some deep, left-wing plot. 'I don't like it. Beards are an attitude of mind!'
To the staff of the Unit, especially to the more junior members, I think he seemed distant, but in fact he never missed a detail about any of them. He knew just whose hair needed cutting, who didn't look well, who had an untidy bench or desk (his own desk was always pin-neat, everything in its appointed place). People from other parts of the University were much less in awe of him than were his own staff. 'Is Joe in?' they would ask me. I never heard anyone in the Unit address him as anything other than 'Professor Chatt', nor did I ever do so myself until I had ceased to work for him.
Mrs Inga Wass, who preceded Mrs Rhodes as Joseph's secretary in the first years of the Unit, and had been his secretary at the Frythe, wrote of him with similar respect and affection.
Throughout his career Joseph had been in great demand at major chemical conferences and universities around the world as a lecturer. His strong sense of duty drove him to accept more invitations than he would have preferred, and from time to time he would be heard complaining along the lines 'I have only just got back from India and now they are making me go to Brazil', when the 'they' were really his own feelings of obligation to the worldwide chemical community! P o s t -r e t ir e m e n t When Joseph retired from the Unit of Nitrogen Fixation he continued to participate in research in the School of Molecular Sciences. He had an office there and received a stream of academic visitors who wished to seek his views on their work or ideas or simply wanted to meet someone whose research they had so much admired. He was especially conscientious in attending colloquia and lectures by visiting speakers, and contributed perceptively to the discussions.
Although he had been rather suspicious of foreign countries in his younger days, his many journeys abroad for scientific purposes left him somewhat addicted to travel in his later years, and he and Ethel particularly enjoyed cruises, especially those to places of exceptional scenic, historical or artistic interest. After his retirement his damaged ankle gave him increasing trouble, but he never allowed the handicap to stop him touring museums or galleries or climbing hills giving access to fine views. In other respects he enjoyed good health until the last years of his life, when he was struck with myeloma, a malignancy of the bone marrow that required rigorous chemotherapy and virtually a complete change of blood every few weeks, but he remained mentally and physically active to the end, his cheerfulness and courage impressing his doctors as well as his friends. He continued to go into the University regularly, and on the day he died, suddenly and peacefully from heart failure, he was about to set off to there to be photographed along with the other six Fellows of the Royal Society in the School.
Throughout his life Joseph read widely, and set out to become well informed on any subject that particularly attracted his attention; this was especially evident in the case of one of his major interest, numismatics. He also had a good knowledge of, and feeling for, antiques. At the same time there were subjects that he had firmly decided not to bother with, and prominent among these was sport, which he regarded as a great waste of time; he had always been rather unsympathetic towards any member of his staff whose work was impeded by a games injury! Joseph was a person of natural dignity and transparent honesty. In later years he was quietly proud of his achievements, but there was no trace of egotism or self-importance. He never lost the common touch, and was at ease with people from all walks of life; he treated all of them equally and as his equal. He enjoyed conversation and had a large fund of recollections, some very amusing. He grumbled from time to time, usually about bureaucracy or officialdom, but not with great conviction, for he was at heart contented. He had the advantage of a very happy and tranquil home life and the constant support of Ethel, who survives him, along with their son and daughter.
S c i e n t i f i c c o n t r i b u t i o n s

Work at the Frythe
It was only in 1947, and when he had set up his I.C.I. laboratory at the Frythe, that Chatt was able to develop independent researches. He was intrigued by bonding of olefins and acetylenes to transition metals. Such compounds had been known since at least 1824 (Zeise's salt), but their nature was not understood. The olefin or acetylene did not contain the obvious 'lone pair' of electrons that ligands were held to require to form coordinate bonds. It was from considering such interactions that Joseph developed his ideas about 7i-bonding, which are now a basic part of every coordination chemist's thinking. The first paper (14)* of a series (14, 15, 19, 20, 21, 24, 25, 26, 30, 53, 369) entitled 'The nature of the co-ordinate link' was published in 1950, and a series (11, 23, 27, 56, 58, 60) on 'Olefin coordination compounds' started in 1949. There was a parallel study (59, 76, 79, 82, 97, 108, 130) on acetylene complexes. Chatt considered a whole range of possible structures for the olefin-metal interaction (16, 17, 28, 33, 45, 83, 108, 120) and concluded (28) The idea that coordinate bonds are often best described as though they consist of two components, a classical o-type component and a 7i-component, such as that proposed as part *Numbers in this form refer to the bibliography on the accompanying microfiche.
of the metal-olefin bond, proved especially fruitful. It probably had its origin in the seminal work of L. Pauling on metal carbonyls. Not only did it allow the rationalization of the structures of olefin and acetylene complexes, and a little later of metallocenes, but it was also the basis of the analysis of the nature of the coordinate link. Chatt used it to explain how the trans influence and the trans effect operate. These phenomena had been recognized for some 30 years before he propounded (35, 41, 42, 51, 73 ) the rationalizations for them that are still generally accepted. The idea was adapted to account for the ligating properties of groups such as carbonyls and phosphorus trifluoride. These are still regarded as being 7t-acceptors at the same time as they are also exercising their fundamental lone pair donor property. It was also by using this concept that he accounted for the ability of these 7t-accepting ligands, especially carbon monoxide and tertiary phosphines, to stabilize complexes of transition metals in low oxidation states (68, 72, 84, 90, 102, 110, 111, 112, 116, 117, 145, 186) .
Though he was primarily a preparative chemist, and eschewed complicated mathematical analysis, Joseph always used a variety of physical techniques, and often in pioneering fashion, to try to test his ideas. He was very quick to appreciate what a new or original physical technique might offer. And at a time when large electronic instruments were not easily available, he did not hesitate to have them built to order, even hiring specialists especially for the purpose. Thus he was a pioneer in the application of infrared spectroscopy in coordination chemistry (42, 47, 49, 52, 67, 69, 81, 86, 118, 128, 134) . He used dipole moment data extensively to determine molecular geometries (24, 26, 32, 43) and to estimate the charge distribution in complexes (271, 304, 305) . He measured acid and base strengths of donors containing Periodic Table Group 14 elements to confirm his ideas on 36, 44) . He was among the first to try to apply that ultimately disappointing technique, X-ray photoelectron spectroscopy, to complex compounds (282), and he was involved in X-ray structure analysis and in nuclear magnetic resonance spectroscopy (163, 167, 264, 319, 331) at a time when most coordination chemists had not appreciated the potential of these methods. He was also able to stimulate the interest of theoreticians in his work, as shown by his research with L.E. Orgel on ligand-field strengths (75, 101).
Perhaps the most significant of the generalizations that arose from Chatt's work of this period was his classification of metal centres in complexes in terms of their Lewis acidities. He realized that Lewis acids could be divided roughly into two classes, those that formed stronger coordinate bonds with ligands containing donors of the First Short Period (oxygen, nitrogen and fluorine), and those that formed stronger bonds with donors of the Second and subsequent periods (39, 48, 57, 63, 64, 66) . The classification was not rigid, and a metal might be more appropriately placed in one or other class, depending upon its oxidation state. The difficulty was that there were not sufficient thermodynamic data to prove this beyond doubt, but Chatt's intuitive grasp of the chemistry was absolutely justified. It transpired that many relevant data had already been accumulated independently in Scandinavia, where there was a strong tradition of collecting stability constant data. The result of a visit to the Frythe by S. Ahrland was a set of papers, and, most important, a review with S. Ahrland and N.R. Davies entitled T he relative affinities of ligand atoms for acceptor molecules and ions' (71). It would be difficult to overestimate the significance of this review. The distinction between the two classes of acceptor was again related to 7t-acceptor ability, and the concept was refined by Pearson and Frost in the United States into the hard/soft theory of acids and bases. This is now an important part of every undergraduate course in inorganic chemistry.
When Chatt began his work, not only were transition metal-olefin complexes not understood, but it was generally believed that simple alkyls, aryls and hydrides of these elements were likely to be unstable and reactive species. Using his ideas about Tt-bonding as a basis, Chatt developed a simple theory that predicted that square planar complexes of platinum(II) with two tertiary phosphines as subsidiary ligands should give rise to stable alkyls. He subsequently published a beautiful series of papers entitled 'Alkyls and aryls of the transition metals' in which he demonstrated how to synthesize alkyls and aryls, not only of platinum(II), but also of nickel, palladium, cobalt, rhodium, iridium, rhenium and iron (74, 80, 85, 94, 127, 153, 155) . He showed that compounds of this class may be stable or unstable, depending on the detailed composition and structure, and today they are commonplace in organometallic chemistry. In related work with B.L. Shaw and L.A. Duncanson (69), he showed that platinum alkyls and hydrides could be synthesized by a class of reaction that has become known as 'oxidative addition'. This was quite unexpected at the time. The breadth of Chatt's enquiry, and the value placed upon his work by his contemporaries, is illustrated by one of the papers (103) he published on the kinetics of the reaction of nickel alkyls and aryls with pyridine, a pioneering investigation in its own right. It carries, besides his own name, those of B.L. Shaw, Chatt's collaborator, who made the compounds, H.B. Gray, the student who did the kinetic studies, and F. Basolo and R.G. Pearson, who supervised those studies.
At this time, transition metal hydrides were also regarded as very unusual and reactive species. One of the first stable transition metal hydrides was synthesized at the Frythe. During an attempt to prepare some platinum(O) complexes of triethylphosphine by a method originally due to L. Malatesta and used to prepare platinum(O) complexes of triphenylphosphine, the compound [Pt(PEt3),HCl] was obtained (61). This new species could even be sublimed, and was the harbinger of many more stable hydrides. The decisive piece of evidence was its infrared spectrum, although an X-ray crystal structure was eventually obtained. The significance of this compound (in addition to its stability) was that it demonstrated for the first time that carbon ligands are not require to stabilize metal hydrides. Thereafter a stream of hydrides of many transition metals appeared (69, 78, 88, 91, 93, 107, 109, 113, 119, 122, 131, 137, 142, 148, 150, 161, 170, 187, 199, 203, 224, 238) . Nowadays they are commonplace, both as stable compounds and as catalytic intermediates.
Chatt was thus instrumental both in developing the conceptual framework that underlies modern organometallic and coordination chemistry and in preparing the first examples of many of the common classes of coordination compound being exploited today. His contribution is unequalled by that of any of his contemporaries. The chemistry he inspired is now used widely, for example in the petrochemical industry. The work at the Frythe produced some 150 papers, and included some pioneering work on nitrido complexes (124, 136) that constituted a bridge to the second part of Chatt's research career. It is also not often realized that the beautiful work of the Italian school of transition metal chemists on low-oxidation-state transition metal clusters had its origin in the Frythe and a subsequent sabbatical period by P. Chini in Chatt's new Unit of Nitrogen Fixation at the University of Sussex. In fact, the Unit of Nitrogen Fixation became the world's leading laboratory devoted to the study of nitrogen fixation, and even in 1996 it is still among the best.
Work at the Unit o f Nitrogen Fixation
From a chemical point of view, the problem presented by biological nitrogen fixation in transition metal that could reasonably be used to model the natural process. Biological work had led to the presumption that molybdenum and iron were at the active site of the one variety of nitrogenase recognized at the time. Whereas at the Frythe Chatt was able to develop theories and then find the results to support them, the task now was to synthesize compounds of very specific kinds. It was generally recognized that there should exist dinitrogen complexes, isoelectronic with the well known carbonyls, but none was then known and it was not obvious where they might be found. Chatt tried to extend some of the work with which he was familiar from the Frythe to tackle the new problem. At the same time, he tried to mimic interactions of dinitrogen with Lewis acids, using weak donors such as trifluoroacetonitrile (164) and he also studied the metal-ion-mediated reduction of substrates of nitrogenase, such as methyl isocyanide, proving, for example, that the formation of a C2 hydrocarbon from a C, substrate did not require a dinuclear metal site. He also decided to work in an area where he knew that there were strong metal-nitrogen interactions, as in the nitrido complexes (168, 188, 216) , arguing, correctly as it transpired, that it was not important at this stage that the nitrogen was not part of a dinitrogen molecule. In addition, the chemists in the Unit carefully checked the more dramatic claims for chemical nitrogen fixation that were then appearing in the literature, and often proved them to be wrong (166, 198, 244, 247) . Traces of fixed nitrogen, for example as ammonia or as oxides of nitrogen, are difficult to eliminate from gas streams and the ultimate check on such systems is to use the expensive 15N2, which many laboratories could not afford. This work engendered a high standard of skill and care among the staff of the Unit that has been maintained. The discovery of the first dinitrogen complex, of ruthenium, by A.D. Allen and C.V. Senoff in Toronto was announced in October 1965, shortly after the Unit had become established at the University of Sussex. Thereafter dinitrogen complexes of cobalt and iridium were prepared in Italy, Japan and the United States. These syntheses were all probably accidental, but nevertheless it required some nerve on Chatt's part to continue with his strategy when laboratories that did not carry the words 'nitrogen fixation' in their names were synthesizing dinitrogen complexes whereas the only one that did carry those words was not. However, Chatt never believed in steadfastly aiming for a single objective, and preferred to explore a variety of avenues to discover which was the most likely to lead towards the goal. It was necessary first to explore the basic chemistry of tertiary phosphine complexes of the elements considered to be of interest, namely rhodium, iridium, ruthenium and osmium (173, 178, 182, 192) . Then work on rhenium nitrido complexes that had started at the Frythe was taken up by the chemists in the Unit, who studied in particular their preparation from substituted hydrazines (205, 221, 230) . Careful analysis of the reactions allowed the rational synthesis of the first extensive series of dinitrogen complexes, all derivatives of rhenium (185, 193, 194, 207, 215, 237, 260, 266, 371) , and this provided the breakthrough that had been hoped for. It was a relatively obvious extension to a series of isoelectronic dinitrogen complexes of the neighbouring element, osmium (181, 206, 214, 218) . However, extension in the other direction along the transition series, to tungsten, was not so easy since the basic chemistry of tertiary phosphine complexes of the molybdenum and tungsten halides had not been established.
The fundamental tertiary phosphine-halide chemistry of molybdenum and tungsten was developed (208, 211, 217, 220, 226, 273) in parallel researches in the Unit laboratory and in the School of Molecular Sciences. This work led to a major development in the University laboratory, with the synthesis of a series of dinitrogen complexes of molybdenum and tungsten (204, 234, 294) . Molybdenum analogues were also announced from Japan at about the same time. The Unit and its associated workers has now probably produced more dinitrogen complexes than any other laboratory.
Although several systems had been discovered by that time that were capable of mediating the conversion of dinitrogen to ammonia, in none were the reacting species and all the products properly characterized. The next major observation, also made in the University laboratory, in association with G.A. Heath and G.J. Leigh, was that the compound [W(N2)2(Ph2PCH2CH2PPh2)2] reacts with CH,COCl to yield [W(NNCOCH2)C (Ph2PCH2 CH,PPh2),] (228). This was the first time that a dinitrogen complex prepared directly from N, had undergone a reaction to produce a well defined complex product containing a modified dinitrogen residue. Rhenium-dinitrogen complexes were found to undergo a similar reaction (243). It was quickly realized that these reactions probably involved electrophilic attack at the bound dinitrogen, and that other simple electrophiles, including the proton, should behave similarly. Work with G.A. Heath and R.L. Richards (231) in the Unit proved that to be the case, and subsequent research (257, 270, 272, 281, 313, 320, 321) opened the way to the first empirically based proposal for the mechanism of reduction of dinitrogen by nitrogenases. It has yet to be shown to be wrong.
These observations showed that dinitrogen need not be the inert material that it had so long been assumed to be, and similar reactions have now been exploited in many other laboratories. In the Unit, two further major developments were the alkylation of coordinated dinitrogen (initially with A.A. Diamantis, G.A. Heath and G.J. Leigh) to give diazenido and related complexes (258, 262, 263, 279, 280, 290, 292, 297, 338, 339, 344) , a reaction that was later shown, by some beautiful experiments, to involve free radicals (291, 315, 346) , and the demonstration, with A.J. Pearman and R.L. Richards, that N, in [W(N2)2(PMe,Ph)4] could be protonated by simple proton acids in methanol to yield ammonia (265). These researches revealed the stepwise protonation of coordinated dinitrogen all the way to ammonia, in the best case with one tungsten atom providing the six electrons necessary to reduce one dinitrogen completely (265, 275, 286, 299, 301, 356, 358) . Both protonation and alkylation reactions of coordinated dinitrogen have since been used to yield cyclic processes, one to give ammonia, and the other to give amines and substituted hydrazines. The announcement of the protonation reaction to give ammonia made a considerable impact in the international media, which mistakenly discussed it in terms of the prospects for cheap fertilizers, but Chatt never claimed that the research was directed towards anything but modelling the biological process.
Related work at the University o f Sussex
Chatt retired from the Unit in 1980, but the work he initiated continues. He still retained a lively interest in chemistry, and to some degree remained involved in research. One of the last papers he published was in 1984, and was part 11 of the series 'The nature of the coordinate link' (369). During his time in Sussex, he was involved in a number of projects, both in the Unit and in the School of Molecular Sciences, that were not related directly to nitrogen fixation, but which enabled him to keep his catholic appetite for inorganic chemistry reasonably satisfied. These topics included: p-toluenesulphinate and phosphinates as ligands (159, 174, 184) ; the first compounds containing platinum-silicon bonds (151, 162, 171, 195, 197, 202); sulfido complexes (196); carbene complexes (201, 242, 276, 333, 337) ; thioethers as ligands (213, 219) ; positional isomerism, a phenomenon that is still not universally accepted as real (222); methyleneamido complexes, a new class of compound (232, 284); reactions of coordinated isonitriles (212, 236, 241, 268, 302, 326, 336, 337, 349) ; metal nitrosyls and thionitrosyls, (251, 254, 259, 269, 316) ; carbon dioxide complexes (261, 367); charge distribution in complexes (271, 304, 305); redox potential-structure relations (317, 334, 350, 351, 352, 360) ; and olefin metathesis (233). The papers mentioned encompass many of the subjects that are of primary interest to organometallic chemists today. Few inorganic chemists have contributed over such a broad range of topics. His ideas have become so much part of the essential fabric of modern coordination chemistry that they are now taken for granted, and many of the younger generation do not appreciate their origin. That is perhaps the greatest measure of Chatt's extraordinary contribution to coordination chemistry. 
